In order to gain further insight into changes in the properties and microstructures of granite due to temperature changes, two typical granites with different granularities, Westerly and Fujioka granite, were subjected to a one- 
Introduction
samples. The two heating rates were: (1) placing samples into the preheated furnace at the setting temperature (rapid condition), and (2) controlthought to be free from the heat impact4) (slow condition). The rapid condition was intended to simulate rapid temperature changes, for example, by the rapid penetration of hot geothermal fluids or by contact with hot bodies, while the slow condition assumed that the hot origin was far from the site or the temperature change of the hot source itself was slow. The rapid condition was the fastest heating rate available using our heating system. The rate of temperature increase of the specimen surface was measured with thermocouples. As a result, the average rates of temperature increase of rapid-condition speci- collected from among samples with almost the same properties of a sufficient number cored from a single rock block. We confirmed that, in some conditions, the changes in properties exhibited similar tendencies to those seen in this study, and believe that the generality of the test was valid since the measured properties reflected the sum of the individual, local changes occurring inside the specimen.
Method of identifying cracks
The fluorescent approach proposed by NISHIYAMA and KUSUDA17) was applied to detect microcracks and micropores in specimens. This approach provides an accurate and quick method to identify microcracks and micropores with an optical microscope17),19) Defects are clearly detected based on a marked difference in brightness under ultraviolet light irradiation, since they are filled with acrylic resin mixed with a fluorescent substance in advance. microcracks of less than a few micrometers, i.e., fine cracks along the cleavage in feldspar, can be clearly observed using this approach. After pretreatment, two orthogonal thin sections were prepared for each tested specimen (Fig. 3) . No marked differences were identified between the two sections of each sample. slightly higher in Fujioka than in Westerly granite samples, but this was not significant. In contrast, marked changes in the effective porosity and P-wave velocity were observed ( Table 1 ). The P-wave velocity was reduced in all tested samples and there was no difference according to the heating rate. The reduction ratios of velocity in Westerly and Fujioka granite samples, respectively (Fig. 4) . The value for 500 same for both granites (Table 1) . Different behavior regarding the effective porosity between the two granites was also identified (Fig. 5 (Fig. 6f) . On the other hand, in coarse-grained Fujioka granite, many cracks developed within grains in addition to along the grain boundaries (Fig. 7) . Cracks compared with the Westerly granite samples (Fig. 7d) . Relatively wide-opened cracks, compared with the surrounding cracks, were iden- tified in places both within grains and along the grain boundary (Fig. 7f) (Fig. 7) . Within feldspar grains in both granites, a large number of fine microcracks were observed even in the unheated samples. Many of these microcracks were along weak planes, which were estimated to be cleavages and twin planes grew along these planes (Fig. 9c, d) , and, in 500 developed and slightly widened (Fig. 9e, f) . In addition, relatively long and wide cracks, which intersected these fine cracks, were mainly observed in Fujioka granite (Fig. 9f) . Within biotite grains in both granites, microcracks along (Fig. 10 ). There were no other cracks intersecting these cleavage microcracks.
In Westerly granite, no clear distinction in microstructure due to the difference in heating rate was identified, while in Fujioka granite, the cracks showed a higher density in some parts of the rapidly heated samples, and this tendency was marked at the sides of specimens. In the vicinity of the sides of heated Fujioka granite specimens, long cracks ran approximately at right angles with the surface (Fig. 11) and their widths were wider than those observed at the center.
Discussion

Correlation
between property changes and observations The correlation between the changes in measured properties before and after the test, i.e., gradual decrease in P-wave velocity and increase in effective porosity, and the results of observations are discussed. Additionally, to support the discussion, two typical parameters regarding the crack population were estimated quantitatively using digital image analysis. Specifically, three rectangular reference areas defined on each section including the sample axis (section B) of slow-condition samples (Fig. 3) , and digital images of these areas were captured at a resolution of 600 pixels/mm with a CCD camera attached to an optical microscope. The irregular shape of the reference area was designed so as to avoid the effect of coarse grains, especially in Fujioka granite. Following the standard imageprocessing procedures, microcracks on the images were extracted19), 20) . The open width of microcracks could not be discussed meaningfully based on this two-dimensional approach. Two test lines of about 14mm in length parallel to the sample axis were defined for each reference area and the number of cracks longer than about 0.02mm intersecting the test line was counted, and then the parameter of the crack population PLine, the count of the crack number per unit length (number/mm), was normalized (Fig. 12) . Cracks less than about 0.02mm were not counted in order to exclude the influence of very fine microcracks mainly existing in feldspar grains. In addition, the two-dimensional crack population parameter PArea, the sum of the total lengths of cracks per unit area (mm/mmmm2), was calculated for each reference area (Fig. 13) .
P-wave velocity
The decrease in P-wave velocity (Fig. 4) agrees well with the observed result of the gradual development of microcracks as the heating result of an increasing tendency in the crack population PLine confirms the alternation (Figs. 12,  14) . The numerical analysis also indicates that the increase in the crack population is higher in analytical results mostly agree well with the fact that the decrease in P-wave velocity is significant course, it follows that the generation of some widely opened cracks affected the decrease in velocity to some extent. The difference in the scattering of measured data (Fig. 12 ) is estimated to be influenced by the relationship between the difference in grain size and the size of the reference area.
In the same way, the tendency of the crack population PArea is also in close agreement with the alteration of P-wave velocity (Fig. 13) . However, the values in the population of Westerly granite samples were lower than those of Fujioka granite samples, in spite of the velocity of Westerly granite being relatively low (Fig. 14) . One of the reasons is that many fine microcracks were counted in the measuring process. Indeed, between the two granites there was no marked difference in PLine, which excluded the fine cracks. Accordingly, it is inferred that fine microcracks have little effect on the P-wave velocity. The reason why the velocity is nearly (Table 1 ) is thought to be that the density of cracks which influenced the P-wave velocity were generated to almost the same extent by developing within grains, especially within quartz grains, in coarse-grained Fujioka granite. agreement with the different increasing tendency of the crack population PArea (Fig. 13) . It is clear that the effective porosity is closely related to the crack population. For some unknown reason, of Westerly granite slightly decreases. No supporting evidence for this phenomenon was identified by our optical microscopic observations. Taking into consideration the slight loss in sample weight and the decrease in P-wave velocity (Table 1) , it is certain that some alterations occurred inside the specimen. It is inferred that the causes are below the limits of our observation and numerical analyses. LIN et al. 21) reported that the width of newly generated microcracks caused by heating in granite was very narrow below a heating temperature of 200 
Conclusions
In order to obtain further insight into the changes in properties and microstructures of granite brought about by temperature change, two typical granites with different granularity, Westerly and Fujioka granite, were subjected to a one-cycle heating and cooling test, and various properties were measured before and after the test and microstructures were observed using a fluorescent approach.
As a result, some small differences in sample size and weight were identified before and after the test. However, marked increases in the effective porosity and decreases in P-wave velocity were clearly identified. These results suggest changes in the microstructure within granites. No significant differences in properties due to the heating rate were identified. Microcracks along grain boundaries developed and widened in the tested samples, and this tendency was marked in higher temperaturesamples.
It is clear that these results of microscopic observations are in close agreement with changes in the properties.
A different crack growth pattern between the two granites was observed.
In fine-grained Westerly granite, few new cracks formed in quartz grains and crack development was mainly along grain boundaries, while in coarse-grained Fujioka granite, many cracks developed in quartz grains, in many cases as a network, in addition to the grain boundary cracks. It was inferred that one of the causes of the different patterns was the variation in grain size and shape. Furthermore, it was estimated that the dense crack growth around sample surfaces in Fujioka granite brought about by rapid heating was caused by the coarser grain sizes.
In contrast, both granites showed nearly the same characteristic crack development patterns in the other major constituent minerals: feldspar and biotite. In feldspar, with increasing temperature, cracks grew straight and widened along the weak planes such as cleavages and twin planes. Cracks in biotite grains mainly developed along cleavages in the samples heated
